Sugarcane straw is a crop residue that has a dual purpose and can be maintained on the fields or used to produce bioenergy. The straw retention in the field provides multiple ecosystem services, and the complex interactions between straw and yield responses are hard to predict by local studies. The aim of this study was to investigate the straw removal effects on sugarcane yield in southcentral Brazil. To achieve the objective, a set of 21 field studies was conducted in contrasting edaphoclimatic conditions. In addition, data of seven studies from the literature were included to build a more robust dataset. Since straw removal treatments were not homogeneous in all experiments, they were grouped as follows: NR, no removal (baseline treatment); LR, low removal; MR, moderate removal; and TR, total removal. To facilitate the data analysis, the experiments were gathered in four macroregions: southern Goiás, western São Paulo, central-eastern São Paulo, and northeastern São Paulo. The site location was the most effective individual factor to explain the straw removal effects on sugarcane yields. Compared with NR treatment, the average yield losses induced by LR, MR, and TR were 2, 10, and 13 Mg ha −1 in southern Goiás and 2, 4, and 6 Mg ha −1 in western São Paulo states, respectively. In other regions, no clear pattern was observed, and only site-specific effects were observed. Straw removal affected sugarcane yields in all soil types, but higher responses were observed under best conditions for sugarcane growth (i.e., clayey soils in southern Goiás). Our findings indicated harvesting season has a relevant role on determining yield responses to straw removal and younger ratoons are more responsive to straw removal. Conclusions from this study suggest straw removal recommendations cannot be designed based on isolated factors but require holistic and integrated knowledge to ensure that the straw amount left on field is enough to sustain multiple soil ecosystem services and crop yields.
Introduction
Brazil is currently the world's largest producer of sugarcane, responsible for 40% of global production [1] . Based on sugarcane, Brazil became one of the major players of the bioenergy sector, being the second world's largest producer of bioethanol (32 billion L) [2] and has the largest fleet of flex-fuel vehicles (~30 million) [3] . Despite this leadership in the sugarcane sector, the country has experienced alarming stagnation of crop yields in the past 15 years, averaging 75 Mg ha −1 of stalks [2] , much lower than the crop potential yield (~200 Mg ha −1 ) for Brazilian conditions [4] . The main reasons for low crop yields include soil degradation induced by intensive machinery traffic, crop damage associated with mechanical harvesting, pest proliferation, aging of sugarcane fields, climate constraints, and low sector's capacity of investments [4] [5] [6] .
Growing demands of bioenergy boosted by international commitment and sectorial policy (e.g., ) to mitigate global climate change have raised the interest of Brazilian industry for increasing crop yield and using the sugarcane crop residues (i.e., straw) as feedstock to produce bioelectricity or cellulosic ethanol [8] . The large-scale availability of sugarcane straw in Brazil, particularly in south-central region, which concentrates 92% of national sugarcane production [9] , offers an attractive opportunity to enhance competitiveness of the biofuel industries [10] . Nevertheless, the maintenance of straw in the field underpins and modulates key soil processes, functions, and ecosystem services [11] . Accordingly, benefits of straw maintenance on soil quality can both directly and indirectly affect sugarcane growth and yield [12, 13] . Therefore, this new scenario of straw removal may result in even lower sugarcane yield, threatening the sustainability of bioenergy production.
In the past few years, the straw removal effects on sugarcane yield have been investigated in different locations in south-central Brazil [5, 12, 14, 15] . However, there is no consensus about the sugarcane yield responses to straw removal. Since the straw removal can increase, decrease, or have no net impacts on crop yields, the understanding of straw removal effects on sugarcane yield is still unclear, thus hindering the adoption of sustainable straw management and strategic decision-making for promoting bioenergy production on a regional or even national scale.
Recognizing that several public and private groups were expressing interest in the use of straw from industry purposes, the SUCRE (Sugarcane Renewable Electricity) project was initiated in 2015, funded by the Global Environment Facility (GEF) and managed by the United Nations Development Program (UNDP), with the primary goal of providing scientific-based data to the sugarcane sector that support the decision-making on straw management, establishing a rational plan to remove straw from the field without compromising soil health and sugarcane yield.
Based on this scenario, we hypothesized that straw has relevant roles in sustaining soil health and plant growth, and therefore indiscriminate straw removal rates result in substantial losses of sugarcane yield. To test this hypothesis, the SUCRE project was conducted, aiming to investigate the effects of straw removal on sugarcane yield in south-central Brazil. To achieve the objective, a set of 21 field studies was conducted to quantify crop yield response to straw removal management in contrasting conditions of soil and climate in south-central Brazil. The focus was also to synthesize the literature data from similar experiments conducted in the same regions to increase the number of observations and provide more robust and reliable information on a regional scale.
Material and Methods

Description of the Study Areas
Twenty-one field studies were conducted in the SUCRE project to quantify the impacts of sugarcane straw removal on subsequent stalk yields. The experimental sites were strategically chosen to represent diverse edaphoclimatic conditions in the most intensively cultivated sugarcane regions (São Paulo state) and those of recent expansion (Goiás state) in south-central Brazil (Fig. 1) . São Paulo and Goiás states are the two largest sugarcane producers of Brazil, accounting for 54% and 11% of national production, respectively [9] . In addition to the 21 trials supported by the SUCRE project, data from other seven field studies available in the literature were synthesized to build a more robust dataset for better understanding the straw removal effects on sugarcane yields, totaling 28 field studies conducted on clayey, loamy, and sandy soils.
The experiments were grouped into four sugarcaneproducing macroregions (southern Goiás, western São Paulo, central-eastern São Paulo, and northeastern São Paulo) to facilitate the data analysis ( Fig. 1 ). These macroregions were grouped based on geographic locations and predominant weather conditions. In general, southern Goiás presents a climate classified as B1wA'a', which is humid with moderate water deficit in the winter, and high temperature and precipitation in the summer [16] . All experimental sites in this region present a recent history of sugarcane cultivation (≤ 12 years). In western São Paulo, the climate is C1wA'a', sub-humid with moderate water surplus in the summer and with high water deficit in the winter and the soils are predominantly sandy. In the central-eastern region of São Paulo, the climate is classified as C1wB'4a', sub-humid climate with moderate water surplus in the summer, cooler temperatures in the winter, and is represented by a wide range of soil types. In northeastern São Paulo, the climate is C2wB'4a', which is sub-humid mesothermic with moderate water deficit in the winter and the soils are predominantly clayey. The last two macroregions are the most traditional locations of sugarcane cultivation in south-central Brazil. Descriptions of each experimental site (e.g., municipalities, soil classification, texture, altitude, precipitation, and temperature) and details about specific climate conditions, sugarcane varieties, harvesting seasons, and the evaluated ratoon cycles are shown in Table 1 . The characterization of the soil chemical and physical attributes was performed at the beginning of each field experiment ( Table 2) .
Experimental Design and Treatments
All field studies were established in a randomized block design with four repetitions, considering four treatments for some trials and three treatments for the remainder.
Dimensions of each individual plot were 10 m long by 12 m wide, comprising eight sugarcane rows at 1.5-m spacing. All plots received an annual ratoon fertilization of 120 kg ha −1 nitrogen (ammonium nitrate) and 120 kg ha −1 potassium (potassium chloride). During the experimental period, organic amendments such as vinasse and filter cake were not applied in the fields. Applications of fungicides, insecticides, and herbicides were uniform in all plots and conducted according to the management strategies established by each sugarcane mill.
The amount of straw on the soil surface after sugarcane harvesting in each field experiment was quantified annually through a metallic frame (0.25 m 2 ) randomly thrown in the field ten times. Straw moisture measurement was performed directly in the field using the sensor AL-104 Agrologic® with E-831 Electrode coupled. After straw quantification (on dry basis), four straw removal rates were established in the first group of trials: total (TR, 0 Mg ha −1 ), high (HR, 5 Mg ha −1 ), low (LR, 10 Mg ha −1 ), and no removal (NR, 15 Mg ha −1 ). For another experimental group, the removal rates were established after sugarcane harvesting based on the amount of straw produced in each year, comprising of three treatments: 0%, 50%, and 100% straw removal. More details about the methodology for adjustment of the correct amount of dry straw within each experimental group are available in Bordonal et al. [6] and Castioni et al. [22] . The same procedures were repeated annually after the harvesting of subsequent ratoons to evaluate the cumulative effects of straw removal on sugarcane yields. Since different experimental groups correspond to distinct amounts of straw on the soil surface, we grouped the treatments in this study for analysis purposes as follows: NR (all straw left on soil surface), LR (from 25 to 33% removal), MR (from 50 to 66% removal), and TR (bare soil).
Sampling and Measurements of Sugarcane Stalk Yields
The evaluated period (e.g., evaluated ratoon cycles) for which sugarcane was harvested at various locations ranged from one to five years ( Table 1 ). The sugarcane stalk yield was measured after approximately 360 days of cultivation in all experimental sites; however, the harvesting seasons varied according to the crop season of each location in the south-central region: early (March-May), middle (June-August), and late (September-November) ( Table 1) .
At the harvest period, each plot was harvested by means of a mechanical harvester and stalk yields (expressed in Mg ha −1 ) were computed for the four central rows through an instrumented truck equipped with a loading cell (used exclusively for experiments). Data were obtained from Lisboa et al. [5] , Popin [17] , Zotelli [18] , and Rossetto et al. [19] , respectively a Harvesting period according to the crop season in the south-central region of Brazil: early (March-May), middle (June-August), and late (September-November)
Literature Search
We performed a literature review of studies reporting data on the influence of straw removal on sugarcane stalk yields (on wet basis). The keywords (in English or Portuguese) "sugarcane", "straw", "trash", "crop residues", "stalk yield", "sugarcane yield", "biomass production", and "Brazil" were used as search terms in the main databases (Web of Science, Scopus, Science Direct, Scielo, and Google Scholar). To filter the results, we used additional criteria, such as (i) only studies conducted in south-central Brazil; (ii) only studies that evaluated at least three rates of straw removal; (iii) only studies performed in field conditions; and (iv) only studies published in the last decade, which represents the production of sugarcane under mechanized harvesting without burning. After filtering, seven studies were selected, encompassing a wide range of locations in the São Paulo state ( Fig. 1 ).
Data Analysis
The normality of data was confirmed by the Shapiro-Wilk test (p > 0.05), and data transformations were not required to meet the assumptions of the analysis of variance (ANOVA). Then, data were subjected to ANOVA to test the effects of straw removal rates on sugarcane yields in each location and ratoon cycle. When statistically significant (p < 0.05), the average values of sugarcane yields were compared according to Tukey's test (p < 0.05). All statistical analyses were performed using the R software [23] . Additionally, regional averages of sugarcane yield changes induced by straw removal were 
where, Sugarcane yield changes are expressed in Mg ha −1 year −1 , Yield i is the sugarcane yield (Mg ha −1 ) achieved in the i straw removal treatments (i.e., LR, MR, and TR), Yield NR is the sugarcane yield (Mg ha −1 ) achieved in the NR (i.e., baseline treatment). Linear regression analyses were performed between the amounts of straw left on the soil surface for each straw removal scenario to estimate the Sugarcane Yield Change (SYC) index. The SYC index indicates the impact of each megagram of straw removed from the field on sugarcane yield (i.e., expressed in terms of Mg of stalk per Mg −1 of straw removed) and represents the "b" of the linear equation (y = a + bx). When the linear regression was significant (p < 0.05) for each site year, the values of the SYC index were included in this study to estimate the implication of straw removal on sugarcane stalk yield.
Results
Effects of Straw Removal Rates on Sugarcane Yield
The results of our 67 site-year database revealed that straw removal affected sugarcane yields in all evaluated regions ( Fig. 2 ), although the effects were clearly site-specific and dependent on the crop cycles. Overall, straw removal effects on sugarcane yields were more significant in southern Goiás and western São Paulo (Table 3) , which, the annual losses of sugarcane yield induced by LR, MR, and TR averaged 2, 10, and 13 Mg ha −1 and 2, 4, and 6 Mg ha −1 , respectively ( Fig. 2a ). Although higher absolute yield losses were observed in southern Goiás compared with western São Paulo, the relative losses (in percentage) were similar for both regions (Fig. 2b ). This is associated with the higher sugarcane yields observed in the sites in southern Goiás (average of 129 Mg ha −1 ; Table 3 ) in relation to western São Paulo (average of 71 Mg ha −1 ).
In southern Goiás, straw removal resulted in significant changes (p < 0.05) in sugarcane yields in 13 out of 16 evaluated site-years (Table 3 ). On average, straw removal reduced sugarcane yield in four sites, with a maximum yield loss (40 Mg ha −1 ) observed on site 1 in the 1st ratoon cycle (Fig. 3 ). In sites 4 (hydromorphic clayey soil) and 5 (clayey soil under regular irrigation), opposite responses were observed especially in the 1st ratoon cycle, in which higher yields were associated with TR treatment. Heterogeneous yield responses were observed along the years in sites 3, 4, and 5, indicating a direct effect of weather conditions on crop yield response to straw removal in a specific year. For example, straw removal was detrimental to sugarcane yield in the 1st, 2nd, and 4th ratoon cycles for site 3, while the same pattern was not observed in the 3rd ratoon cycle. Likewise, distinct yield responses were found in the 1st and 2nd ratoons for sites 4 and 5. It is important to mention that in this region, LR treatment did not differ from NR and all significant impacts of straw removal were observed in MR and TR (Fig. 3) .
Straw removal reduced sugarcane yield in most sites of western São Paulo (Table 3 and Fig. 4 ). In a similar way to that observed in southern Goiás, the highest effects of straw removal on sugarcane yield were observed in younger ratoons. Under similar soil and climate conditions, sites 7, 8, and 9 presented different yield responses according to harvesting seasons ( Table 1 and Table 2 ). Significant yield responses to straw 1st ratoon  59  a  70  a  57  a  60  a  2nd ratoon  33  b  38  ab  41  a  36  ab  11  §  1st ratoon  73  a  78  a  69  ab  57  b  2nd ratoon  21  a  21  a  22  a  20  a  Central-eastern São Paulo  12  1st ratoon  84  a  80  a  80  a  82  a  2nd ratoon  90  a  87  a  94  a  95  a  3rd ratoon  86  a  85  a  83  a  96  a  4th ratoon  92  a  96  a  88  a  94  a  5th ratoon  67  a  67  a  57  a  67  a  13  1st ratoon  118  a  116  a  117  a  110  a  2nd ratoon  123  a  122  a  127  a  123  a  3rd ratoon  62  a  54  a  59  a  55  a  4th ratoon  65  a  63  a  70  a  64  a  5th ratoon  73  a  63  a  58  a  65  a  14 1st removal were observed in sites 7 and 8, where sugarcane was harvested in the early (April) and late (October) harvesting seasons, respectively. Conversely, on site 9, where sugarcane was harvested in the middle season (June/July), the removal of straw did not significantly change sugarcane yields ( Fig. 3) .
Overall, absolute and relative yield responses due to straw removal in central-eastern and northeastern São Paulo were quite low and tended to be zero (Fig. 2) . However, substantial variation in yield responses were observed among sites within both regions ( Figs. 5 and 6 ). In central-eastern São Paulo, the straw removal significantly increased sugarcane yields in sites 14, 15, 16, and 18, decreased in sites 23 and 24, and have no significant effects in sites 12, 13, 17, 19, 20, 21 , and 22 (Table 3 ). Comparing with NR treatment, only TR induced site-specific changes in sugarcane yield in this region (Fig. 5 ). There were no clear regional patterns of straw removal effects on sugarcane yields in northeastern São Paulo (Fig. 6 ). In site 25, a significant reduction in sugarcane yields was observed for TR, while an opposite response was observed in site 28. In other sites, the straw removal did not significantly change sugarcane yield (Table 3 ).
Sugarcane Yield Change Index: Stalk Gain/Loss per Unit of Straw Removed
The intensity of straw removal effects on stalk yield, indicated as SYC index, changed according to locations, soil types, harvesting seasons, and crop aging conditions (Table 4 ). On a regional scale, the effect of each megagram of straw removed from the field on crop yield was more relevant for southern Goiás. Considering only the values in which the linear regressions were significant (p < 0.05), average SYC index values for sites 1, 2, 3, 4, 5, and 6 were − 1.81, − 1.05, − 0.88, 0.91, 0.74, and − 1.02, respectively ( Table 4 ). The positive SYC indexes on sites 4 and 5, suggesting that under specific soil and management conditions that prevent water deficit straw removal, may increase sugarcane yields. In western São Paulo, significant linear regressions indicated that straw removal reduces sugarcane yields (i.e., SYC indexes ranging from − 0.20 to − 1.66). However, there was a large variation in SYC index between crop years and mainly among different sites at the same region. Thus, although the regional SYC index can provide a comprehensive overview of the crop responsiveness to straw removal management, NR  LR  MR  TR   15  1st ratoon  81  b  87  ab  88  ab  91  a  2nd ratoon  44  a  48  a  48  a  49  a  3rd ratoon  38  a  39  a  38  a  38  a  16 1st specific index for each site should be preferably adopted, since it better represents local soil and management conditions. In central-eastern São Paulo, as shown from previous results, SYC index did not show a clear regional pattern. Based only on significant results, SYC indexes ranged from − 0.18 to 1.01, indicating that site-specific conditions modulated crop response to straw removal. A similar pattern was observed in northeastern São Paulo (Table 4 ).
Discussion
Overall Implications of Straw Removal on Soil-Plant Systems
Sugarcane straw, a crop residue composed by top and dry leaves, has a dual purpose and can be maintained in the fields or be used to produce bioenergy [24] . The maintenance of straw on the soil surface results in several well-known ecosystem services, such as nutrient recycling [25] , carbon storage [6] , erosion control [26] , soil water retention [27] , increases in soil biodiversity [28] , reduction of soil compaction [22] , and weed control [8] . However, the maintenance of large amount of straw in the field may result in some drawbacks such as higher N 2 O emissions [29] , higher pest infestation [30] , and slower crop regrowth [5] , especially in cooler regions [31] . Therefore, complex interactions between straw and soil properties coupled with different management practices adopted by the farmers make crop responses to straw removal harder to be predicted by isolate/local studies. Based on this multilocation study, we seek to answer some questions that are fundamentally essential for guiding more sustainable straw management in Brazil. What is the direct impact of straw removal on sugarcane yields? What are the main drivers influencing sugarcane yield changes in south-central Brazil? How can we recommend straw removal rates without compromising sugarcane yields? In the following subsections, we discussed our data to provide scientific basis to answer these questions. ) in response to straw removal in southern Goiás. Yield gain or loss induced by LR, low removal; MR, moderate removal; and TR, total removal in relation to NR, no removal (baseline treatment). Different bars within each site represent the ratoon cycles. na indicates that the treatment was not evaluated in that site. Asterisk (*) symbol indicates significant difference between the treatment of straw removal and baseline (no removal)
Regional Effects of Straw Removal on Sugarcane Yield
The south-central region is the largest core of sugarcane production in Brazil, representing 92% of national production of sugarcane [9] . In that region, sugarcane cultivation extends for 9.1 million ha [9] , including a wide range of climatic conditions [32] . Several studies have indicated a direct relationship between crop yield and/or yield response to straw management with regional variations on climatic conditions in south-central Brazil [4, 5, 12, [33] [34] [35] . In our study, the sugarcane yield varied on a regional scale, indicating average yields of 129, 64, 82, and 99 Mg ha −1 of fresh stalk in southern Goiás and western, central-eastern, and northern São Paulo, respectively ( Table 3 ). The higher sugarcane yields in southern Goiás relative to those in São Paulo regions can be associated with several factors including the high mean and minimal temperature and higher solar radiation that increases photosynthetic rates and sugarcane growth [33] . Our results agree with those of Dias and Sentelhas [4] , who pointed out that traditional areas under sugarcane plantation in São Paulo present lower yield potential compared with the south region of Goiás. Additionally, it is worth mentioning that Goiás experienced an intensive expansion (120%) of sugarcane area in the past decade, increasing from 0.495 (2007/08) to 1.107 million ha (2017/18) [2] . Therefore, most of sugarcane areas in Goiás still present lower occurrence of pests and diseases, and the soils are less compacted, all of which are key factors that substantially impair crop yields in the most intensively cultivated sugarcane region in the São Paulo state. Several studies worldwide have indicated that the long-term sugarcane monoculture under mechanized conditions, such as those observed in São Paulo state, leads to soil degradation, which is considered the main cause of the sugarcane yield declines in traditional production areas [36] [37] [38] .
The location of the sites within the four macroregions was one effective individual factor to explain the effects of straw removal on sugarcane yields. The higher yield response to straw removal was observed in southern Goiás and western São Paulo (Fig. 2 and Table 4 ). Conversely, the average crop responsiveness to straw removal was practically insignificant in central-eastern São Paulo (Fig. 5 ), which is slight cooler than other regions. It is important to highlight that, although the average daily minimal temperature ranges from 15.8 to 17.2°C (Table 1) , in this region, there are periods of the day in which the temperature is below 10°C. The soil temperature for a proper sugarcane development ranges from 20 to 30°C [39] ; thus, crop growth is inhibited when plants are submitted to temperatures below 15°C, while below 10°C, some injuries may occur [40] . In this case, especially in cooler regions such as central-eastern São Paulo, a moderate removal of straw from the soil surface may improve regrowth of sugarcane [5] and stalk yields (Fig. 2) .
Climate effects on yield response to straw removal are associated with limiting and responsive factors. Low temperature is a limiting factor that can restrict sugarcane initial tillering and growth and eventually impair crop yield, while solar radiation and precipitation are responsive factors [41] . The most accentuated reduction of crop yield induced by straw removal in southern Goiás can be associated with the best conditions of temperature and solar radiation (i.e., higher crop yield potential), and also because this region presents a higher water deficit in winter season. Straw mulching is also fundamental to reducing water losses and increasing soil moisture [27] . Thus, the combination of these aspects makes this region more responsive to straw management, suggesting that recommendations for straw removal should be carefully analyzed. These findings are aligned with previous results showing that straw removal can be more detrimental to sugarcane yield in the central region of Brazil [12, 33] .
Soil Texture Affecting Sugarcane Yield Response to Straw Removal
Soil texture is a key factor that regulates water and nutrient balance into soil profile, which are crucial characteristics defining the sugarcane yield capacity. Our results corroborate this statement with average sugarcane yields of 99, 80, and 66 Mg ha −1 for clayey, loamy, and sandy soils, respectively. Sandy soils have a predominance of macropores, promoting faster water drainage and reduced capacity of water retention relative to clay soils [42] . Therefore, clay soils sustained greater sugarcane yields than sandy soils, as consistently reported in the literature [5, 12, 35] .
Since sandy soils show more adverse conditions to sustaining higher crop production, we hypothesized that straw removal effects on sugarcane yield would be more detrimental in this soil type than in fine-textured soils. Nevertheless, contrary to our expectation, soils under distinct textures were responsive to straw removal, and the highest SYC indexes were observed in clayey soils in Goiás state. The higher sugarcane yield responses to straw removal in fine-textured soils (clayey) are associated with higher water storage capacity, which results in a high capacity to respond to management practices, especially when the water is the main limiting factor for sugarcane growth. The maintenance of straw also increases soil carbon stocks [12, 43] and consequently tends to improve water-use efficiency in sugarcane fields [44] . Additionally, the benefits of straw mulching go beyond of soil water, since it contributes for soil organic matter formation, which plays an important role in improving cation exchange capacity in highly weathered tropical soils [45] .
Although soil texture is an important controlling factor of sugarcane yield response, similar soils presented distinct patterns in different climate regions, suggesting that this factor in isolation does not explain the yield changes. In southern Goiás, most of SYC index values from clayey soils revealed yield losses due to straw removal, whereas yield gains were observed only in two sites (site 4-clayey soil under hydromorphic character and site 5-clayey soil under full irrigation), where water deficit was not a limiting factor to plant growth. In these conditions of adequate or excessive water supply, the removal of sugarcane straw tends to increase stalk yields. It reinforces that, at least in the short term, the main benefit of straw maintenance on soil surface is related to preserve soil moisture and reduce water stress to plants. Conversely, the sugarcane response to straw removal in less responsive regions shows no consistent results ( Figs. 4 and 5 ), suggesting that crop yield response was likely dependent on other factors, such as local weather conditions, harvesting season, and pest and weed infestation.
Seasonal Effects of Straw Removal on Sugarcane Yield
Sugarcane harvesting seasons in south-central Brazil extend from March to November. The decision-making on the sugarcane harvest period is associated with the planting date and crop variety. Currently, there are more than one hundred commercial sugarcane varieties from different companies/research institutions and those are grouped within three maturation seasons, early (March-May), middle (June-August), and late (September-November). During each harvesting season, the weather conditions and management practices (including straw removal) can favor or delay sugarcane tillering, development, and growth. Therefore, crop yield responses to straw removal also depend on harvesting seasons [5] .
In our study, when sites under similar soil and weather conditions were compared (sites 7, 8, and 9), there was a prominent effect of harvesting season in determining the response of straw removal on crop yield. For example, the sugarcane harvesting in site 7 occurred in early season (April), at the end of the rainy period, when the soil presents suitable moisture and temperature for a rapid sprouting, tillering, and initial growth of sugarcane. The dry season starts after this initial stage of crop development, and the straw layer has direct effects on preserving soil moisture to support the plant growth during the dry period. In general, the removal of straw in this site significantly reduced crop yields (Fig. 4) . Conversely, when sugarcane is harvested in the middle season (i.e., winter), the soil presents lower moisture and temperature, which results in slow tillering and initial growth [5] , especially in cooler regions of São Paulo. For this period, Gmach et al. [27] estimated that the complete maintenance of straw (12 Mg ha −1 ) or even partial maintenance (6 Mg ha −1 ) delays water-limiting condition to plants for approximately 1 month in relation to soil without straw (TR). Finally, when the harvesting and straw deposition occur in late season (beginning of the rainy and warmer seasons), sugarcane tillering occurs very fast and straw 
The linear regression to obtain SYC index was significant (p < 0.05) layer helps to preserve soil moisture for plant growth until the canopy closure [44] , and after this period, the microclimate created by sugarcane crop can control soil water dynamics.
The seasonal effects of straw removal on sugarcane yields can also be observed between the areas located in Iracemápolis (sites 12, 13, and 14) , which is a climatic region with low responsiveness to straw removal (Fig. 2) . For this location, straw removal did not significantly change the yields in the early and late harvesting periods and induced a significant yield gain in the area harvested in the middle season (site 14). The maintenance of thick layers of straw in cooler seasons can hinder the sugarcane tillering and regrowth [5, 31] , that, in some cases, may reduce sugarcane yield [46] . However, it is important to highlight that the influence of the harvesting seasons on straw removal recommendations is relevant only in the regions with remarkable changes in weather conditions along the year. For example, in south Goiás, a region characterized by warmer temperatures along the year (Table 1) , the sugarcane crop was responsive to straw removal independently of the harvesting season.
Crop Aging Effects of Straw Removal on Sugarcane Yield
The sugarcane crop cycle typically extends for 5-6 years, which includes the plant-cane cycle and the ratoons that are subsequently grown/harvested annually until the sugarcane yield becomes economically and technically unfeasible and a new planting is required [47] . The impact of crop aging on sugarcane yield is well-known and in general, a significant yield reduction along the cycle is associated with several factors such as (i) crop damages caused by field operations [5] ; (ii) increased soil compaction caused by machine traffic [48] ; (iii) lower soil nutrient availability due to annual extraction by sugarcane stalks [49] ; and (iv) higher proliferation of pests and diseases [50] .
However, the effect of crop aging on sugarcane yield response to straw removal is not well understood. When some sites were analyzed separately, particularly those where several ratoons were evaluated, our results showed that the effects of straw removal on sugarcane yields tend to be higher in younger ratoons (Figs. 3, 4 , 5, and 6), indicating that the crop is more responsive to management practices. This higher response of sugarcane crop in younger ratoons is associated with several factors, including high crop yield potential, high plant stand [51, 52] , high soil fertility [25] , low pest and weed infestation [50] , and low soil compaction [48] at the beginning of the sugarcane cycle. Such pattern can be clearly observed in sites 1, 2, 3, 7, and 8 ( Figs. 3 and 4) , where the evaluation was more representative of the entire crop cycle and crop yield was responsive to straw removal.
Summary and Final Remarks
Straw represents one-third of the energy potential of the sugarcane crop [53] and until 15 years ago, this crop residue was burned prior to harvesting. With the widespread adoption of green cane harvesting in Brazil, the straw has been maintained in the field as soil amendment [47] . While straw can benefit the long-term soil quality and crop yield, such residues also represent a valuable feedstock for bioenergy production and enable new opportunities for the Brazilian sugarcane industry [8] . However, there exists a current lack of a guideline for recommendable amount of straw that can be sustainably removed without impairing the soil-plant system.
Our findings indicated that the impacts of straw removal on sugarcane yields are guided by a complex equation and dependent on numerous factors including local weather conditions, soil types, harvesting seasons, and crop aging. There is no single answer to recommend straw removal in southcentral Brazil, so that the recommendation in a sustainably compatible manner should be prioritized as follows: (i) the first step is to identify the regional weather condition, since it was the most prominent factor that influenced the responses of sugarcane yield to straw removal management. Based on the minimal temperature, water deficit, and solar radiation of each specific region, we can predict how sugarcane crop is responsive to straw removal; (ii) soil type was an important factor but it should be analyzed within a specific region and generalizations about the straw removal according to soil type should be avoided. The magnitude of the changes was highly variable between soil types, where straw removal led to highest yield losses in soils with higher yield potential (i.e., clayey soils with high fertility) such as southern Goiás. Special attention should be taken for soils that exhibit water surplus under natural conditions (such as hydromorphic soils and shallow soils with water table near the surface) or fullirrigated system. In these environments, straw removal may increase sugarcane yields; (iii) harvesting season is another important factor, especially in regions where the minimal temperature is restrictive to sugarcane growth. Effects of minimal temperature on crop tillering, growth, and development are observed only when sugarcane is harvested in the early and middle seasons. This evidence is irrelevant when sugarcane is harvested after September (late season), since the minimal temperatures are suitable for crop growth in the most intensively cultivated sugarcane regions in south-central Brazil; (iv) lastly, the inclusion of crop aging in this complex equation can improve the recommendation of straw removal without significant yield losses. Our findings indicated that younger ratoons are more responsive to straw removal, resulting in higher yield losses compared with older ratoons.
Conclusions drawn from this study suggest that straw removal is a feasible reality for years to come, enabling new opportunities for the Brazilian sugarcane industry. However, straw management recommendations cannot be designed based on isolated factor but require holistic and integrated knowledge to ensure that straw amount left on field is enough to sustain multiple soil ecosystem services (e.g., protection against soil erosion, soil organic matter accretion, nutrient cycling, biodiversity maintenance) and crop yields. As far as the benefits of straw to the soil-plant system are integrally concerned, higher rates of straw removal can be performed in regions less responsive such as central-eastern and northeastern São Paulo, while only lower removal rates can be feasible in regions prone to yield losses (e.g., southern Goiás and western São Paulo) on a mid-and long-term basis. The final message of this paper reinforces that sugarcane straw should not be considered by researchers, managers, and farmers as "waste" and/or "trash" but should be viewed as a key component to increase the sustainability of sugarcane-based products.
